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. wyae e theoretical and experimental strength of aluminum re-
inforced with stainless steel wire is analysed. Various methods
of producing the composite material and it's static and cyclical
strengths are considered. The reinforcement of aluminum with
stainless steel wire was accomplished from the perspective of
increasing the specific strength of aluminum ard it's alloys,
increasing the strength of the material with respect to high

and low temperatures, as well as increasing the cyclical stren-
gth. The production of the composite aluminum-stainless steel
wire material with approximated or calculated strenghtening is.
possible by any of the considered methods. The selection of

the proper production technology depends on precise details

and conditions of application of the material,
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PROSPECTS OF INCREASING THE STRENGTH OF ALUMINUM BY KEIN-
FORCING TIT WITH STAINLESS STEEL WIRE (A REVIEW)
L. R. Botvina, V. S. Ivanova, and 1. M. Kop'ev

(Moscow)

The theorctical and experimental strength of aluminum rcinforced /57*
with stainless steel wire is analyzed. Considered are various methods
of producing the composite material (hot rolling, hot pressing, casting,
blast loading) and its static and cvclical strengths.

The rcinforcement of aluminum with staintess steel wire was accom-
plished from the perspective of incrcasing the specific strength of
aluminum and its alloys, increcasing the strength of the material with
respect to high and low temperatures, as well as increasing the cycli-
cal strength. The production of the composite aluminum-stainless steel
wire material with approximated or calculated strengthening is possible
by any of the considered methods. The selection of the proper produc-
tion technology depends on precise details and conditions of applica-

tion of the material,

0f the compositc metal-metal materials currently under develop-
ment, aluminum reinforced with stainless stecel wire rececives particu-

lar attention., This is due to a number of reasons.

Aluminum is, after iron,the sccond most frequently utilized metal
as a construction material. In the last 10-15 yecars, it was possihle
to significantly increase its strength by alloving. It's sufficient
to point out that the strength of multicomponent aluminum alloys has
today reached 60 - 70 kg/mmz. However, the cyvclical strength, an
extremely important characteristic of a material only increcased about
2 kg/mm2 while the limits of strengthening for alloys incrcased from
30 to 70 kg/mmz, which is apparent from the data presented in Fig., 1
[1]. This leads to the conclusion that increasing the structural

*  Numbers in margin indicate pagination in forcign text.
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strength of aluminum via alloying does not provide a pronounced ef-
fect, and that it pays to seek new methods of increasing the static
and cyclical strengths of aluminum alloys. Some favorable results
were attained by strengthening aluminum by dispersing AIZO3 particles
(SAP -sintered aluminum powder), especially with respect to the /58.
increasing of corrosion resistance and temperature ceilings of alu-
minum based materials. However, under normal temperatures, with res-
pect to strength and plasticity, SAP is inferior to high-strength alu-
minum alloys [2]. One of the prospective means of further increasing
of strength and heat resistance of aluminum is the reinforcement of
aluminum with high-strength fibers, filamentary ceramic crystals, or
metallic wires.

This article examines the theoretical and experimental strength
of aluminum reinforced with stainless-steel wire. Selection of stain-
less steel as the reinforcing material was occasioned by the fact that
it has high strength and sufficiently high plasticity. Use of low-
plasticity wire results in fragmentation of the filaments as early as
under conditions of low deformation of the matrix, thus sharply re-
ducing the strength of the composite material, especially if a low
fiber volume exists. Additionally, low plasticity gives rise to a
number of technological difficulties during the production of the
composite material.

Today, stainless steel wire with strength limits between 200-350
kg/mm2 is available. Thiallows the creation of materials whose speci-
fic strength is higher than that of the best aluminum and titanium al-
loys. Figure 2 depicts the calculated strength diagrams for aluminum-
stainless steel wire composite material at various limit values for
wire strength (from 50 to 350 kg/mmz). The strength limit of the com-
posite material oL is placed on the ordinate axis, whereas the volume
proportion of filament Vf is on the abcissa. The magnitude of o is
calculated by the formula:

o. = a;Vy +am*{(1 = V))

(1)

where o is the wire strength limit and G%* is the tension in the matrix
at the moment that the filament bursts.



During the calculation of the magnitude dﬂ*’ the equal flow /59.
limit of aluminum (3kg/mm2) was obtained. The initial sectors of
the strength diagram are shown on a larger scale in the upper
corner of the figure. From '‘he diagram one can see that when
Vf = 60%, the strength of pure aluminum reinforced with wire of
strength limit of 350 kg/mm2 is greater than 200 kg/mmz. Moreover,

the specific strength of such a material is ‘equal to 40 - 106mm

(compared to 26 - 106

mm for the best aluminum alloys.

Introduction of the stainless steel wires into the aluminum
may be actomplished hy the following means: 1) powder mettallurgy,
2) hnt rélling,'S) hot pressiﬁg;“1y1casting,jand 5) burst force.

D. Ciatchley [3] produced reinforced aluminum with saffféieﬁtly
strong bonds on the filament - matrix boundary by the powder metal-
lurgy method. The entire method of material production may be
shown by the following diagram:

Filament Cleaning | Degreasing in . Acceptance of filament
with 1% HC1 solution Acetone for application
Filaments and Aluminum Orientation of Pressing in Steel Mold
Flakes Introduced into p| Filaments Ls | T = 450°C 2
Mold Pressure = 8.4 kg/mm

To reinforce the material, wires of varying diameter from 50 to

127 microns were employed.

During the testing of the produced material's strength, with
Ve
This indirectly indicates that the technology applied provides good

= 5 : 15%, experimental data correlated well with calculated ones.

bonding on the filament - matrix boundary. However, this production
method also entails major difficulties during the formation of a
structure with the required ortentation. From this point of view,
hot rolling is more effective. To bond the filaments to the matrix,
it is necessary to conduct the rolling of the composite in a vacuum
or in an inert atmosphere.
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As the testing indicated, it is possible to receive a compo-
site with satisfactory bonding on the boundary separating the {il-
aments and the matrix via hot rolling in vacuum and favorable rol-
ling stage sclcction. The technology of preparing the composite
material is described in the following: "Sandwiches'", consisting
of atenating laycrs of aluminum foil and aluminum sheet stock with
circ coiled around it (Fig. 3.) arc placed in an aluminum foil jacket,
whose scams have been welded shut in a vacuum. Then, hot rolling in

stages sclected to insure maximal bonding strength is carried out.

P. Forsyth and others [4] utilized a hot rolling method to re- /60.
inforce aluminum alloys with composite webbing, plaited from various
types of wires: from stainless stcel (longitudinal wires) and from
aluminum alloy (transverse wires). Material produced in this manner

was then subjccted to additional thermal and mechanical processing.

Table 1 shows data on the mechanical properties of reinforced

and non-reinforced aluminum alloy L73 at various temperatures.

As we can sece from Table 1, at 300°, the introduction of 8%
filament incrcases the strength of the composite material almost thrice.
Testing for material creep at 150° showed that the tension causing
residual deformation 0.05% increases five-fold in comparison with non-

reinforced matrices (from 6 to 30 kg/mmz).

This project also investigated the static and cyclical strength
of composite materials with respect to positicning of the reinforcing
wire in the webbing both parallel to and at 45° angle to the axis of
tension. From the data prescented in Table 2 and Figure 4, we can /61.
see that the time to rupturc of matcrial with wires at 45° is signi-
ficantly higher that that where the wire is parallel to the axis of
tension (Figurc 4).

The testing of the eoffcct of orientation both from static tension
and from cyclical load and incrcased temperatures is highly interesting
in determination of the optimal reinforcement conditions. In a study
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of an analogous composite material [5]; it was established that

the strength of the composite increases with the angle of orient-
ation + 10°, and then falls concurrent with the incrcase 8, in
composites with alternating wire layers at an angle + 8 to the

axis of tension (Fig. 5). 1It's notable that the variety of de-
struction changes with an increase in the angle of orientation.

At 8 = + 20°, transverse fissures appear, and occasionally, the
surface of the tear is scooped or conical in shape. At 6 = + 30°
the surface of thefilament - matrix boundary is destroyed; at

@ = + 60°, the shape showed significant stretching during destruction
with the development of slippage in the matrix of the flat surfaces
parallel to the filaments.

Hot pressing is a method with great possibilities and prospects.
The static strength of reinforced aluminum obtained by hot pressing
was explored in a study [6]. Wires of stainless steel (C = 0.08%,
Si = 0.60%, Mn = 0.8%, Cr = 18%, Ni = 9.5%, Nb = 0.9%) 50 to 125
microns in diameter and modular elasticity E = 18.2 - 103 kg/mm2
and strength limits of o¥ = 206 kg/mmz, were used as filaments. ,
The matrix material was aluminum (99.99% pure) with E = 7031 kg/mm~
and strength limits o, = 4.2 kg/mmz. Before the actual production
of the composite material, the wire was sheathed with aluminum; then,
the hot pressing of the bunched sheathed wires in air, or in an inert
atmosphere was accomplished. 1In another study [7], with these tech-
nological stages, a composite aluminum, reinforced with discrete fil-
aments 6.35, 12.8 and 25.4 mm in length (stainless steel) and volume
proportion of 20 - 30%, was produced. The method utilized to align
the filaments in on> direction is discussed in study [3]. /€2.

Figures 6 and 7 depict the dependency between cyclical material
strength and filament diameter and length. Here, coefficient B lies
on the ordinate, and represents the relative increase in durability
resultant to reinforcement:

B= MNee LAN,CAe,’

Now e } (2)

where Nfc is the durability of the composite; me the durability of
the matrix; Aep the thecoretical plastic deformation per cycle of the
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composite material; ey is the material deformation up to rupture re-
sultant to static stress. /63.

In Figures 6 and 7, the theoretical plastic flow per cycle is
shown on the abcissa.for materials with continuous fibers according

to formula: 20, — (200/En)IE;Vy + Em(1 = V)]
dep ~ E,V; % (60/d¢) (1 — V) (3)
and for materials with discrete fibers:
20 — (20m/En) EV 11 = (I/21)) + Em (1 = V) ”
E Vit — (I/21)) + (do/0e) (1 = V)
where LA is the composite's strength limit; ) is the matrix flow limit;

%% is the rate of matrix strengthening;.lC is the critical fiber length;

E is the fiber elasticity modulus; Vf is the fiber volume proportion;
1 is the fiber length.

A’ep ~

One can seec that if the diameter of the reinforcing fibers is re-
duced, and their length increased, the coefficient of strengthening B,
and consequently the durability of the composite as compared to the
matrix, increcases. Note that the relationship between the relative
increasc in durability and plastic flow, as depicted in Figures 6 and
7, is favorable. With low plastic flow per cycle, the curves sharply

diverge, and with high plastic flow, they practically coincide.

Samplcs subjected to metallographic testing following fatigue
testing indicated the existence of two basic mechanisms of composite
material failure. With low magnitude plastic flow per cvcle (Acp)
durability of the sample is determined by the damagability of the
matrix and surface separation between matrix and filament. When Aep
increcases, the fibers can not resist linear creep of the fatiguc
fissures; the durability of the composite approaches the durability
of the matrix. Thus, under conditions of high plastic flow per cvcle,
the effect of reinforcing with continuous filaments approaches the
effect of reinforcing with discrete filaments. We think that grinding
the filaments, which leads to intense disruption of the matrix, would
have a significant impact on the cyclical strength of the composite
material with respect to low cycle fatigue.
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Thus, the study of the mechanism of destruction of an aluminum-
stainless steel wire composite under cyclical loading leads to the
conclusion that increasing the fatigue strength can be attained by:
1.) increasing the strength of the filament-matrix bond; 2.) decreas-
ing the distance that a fissure can move without encountering signi-
ficant resistance (increasing fiber volume); 3.) increasing the total
area of contact between fibers and matrix (decreasing fiber diameter
while holding volume constant); 4.) increasing fiber plasticity with
the aim of decreasing the effect of grinding them.

Never the less, further research to establish the optimal condi-
tions of reinforcement, leading to an increase in durability also

under conditions of low cyclical fatigue.

Another study [8] also investigated resistance to impact loading,
damping, and other mechanical means of reinforcing material, produced

in a contained inert atmosphere according to the following diagram. /64.

Brush cleaning Assembly of Placement of Pressing, in
of aluminum alloy sandwiches "sandwich" in argon-filled
sheets ¥l of sheets & [P] steel contain- [*®{ container,
reinforcing er T = 500°C
wire.
Hot rolling of Thermal Cold Rolling
material to even pee——p Processin — with 2% flow
sheet thickness g stage
Artificial Aging | Final Cold Rolling
with 27 flow stage

NS355 stainless steel wire, 228 microns in diameter and strength
limits of 330 kg/mm®
ume proportion varied between 15 and 50%. The maximal dimensions of

was uscd as reinforcing filament. Filament vol-
the plates produced in this manner were 2.44 x 0.3 x 0.006 m, and the

strength limits at room temperature after the final processing were
122 kg/mmz. When the temperature was reduced, the material strength

7.



limits increased to 150 kg/mm2 (Figure R). A certain increase in
resistance to impact loading effect was noted as well; as far as

the utilization of damping means for reinforcement of aluminum went,
they remained on the matrix material level. Today, the highest
strength reinforced aluminum is the composite prepared by hot pres-

sing.

Industrial application of aluminum strengthened with wire is
significantly increased with the reinforcement of finished components,
which may be easier to produce with casting. This method was employed
by R. WIlliams and others [9].

The following diagram depicts the production of composite mater-
ial by this method:

Fixing and Heating of Vacuum created Casting in
tensing of ¥ wires to —p at base of mold [ vibrating
steel wire 900 °C metal mold.
in mold.

with this method, a stainless steel mold was employed for casting;
the vacuum at the base and the vibration of the mold were done inorder
to improve the quality of the casting. LM6 aluminum alloy (10% Si,
0.1% Cu, 0.1% Mg), with strength limit e = 17 * 8 kg/mm2 and § = 4.8%,
served as the matrix; this alloy is characterized by excellent cast-
ability and high resistance to the formation of intermetallic  /65.
phases. Steel wire, 0.254 mm diameter, with strength limit 8, =
265 kg/mm2 and clongation at rupture of 6.8%, was used for re;nforcing.

Our tests showed that selection of the proper melts and chemical
composition of the smelted metal (matrix) could result in excellent
bonds at the boundary -nd prevent fibring dispersal. Additionally,
contact time between the fibres and the molten aluminum plays a sig-
nificant role. Minimal contact time creates stable bonds on the
boundary layer with minor intermetalloid layers (Fig. 9).

Finally, let us consider reinforcing +1a impact-loading. Today,



the utilization of bursts to join different metals and to streng-
then metals and alloys has a practical application; the possibility
of applying such- a method to reinforce metals with high-strength
filaments (or wire) has not been researched yet. Certain dif "~ 1-
ties arise when joining metals of different types and cha

tics, with respect to the necessary stages of shock loadin

as: 1.) achieving the necessary bond between fibe> and matr.

3.) climination of damage of the created compos.:¢ riterial anda che
grinding of the fibers resulatnt to the shock wa.~  3.) securing
conditions of partial maintenance or reestablishment of the original
plastic characteristics of the matrix (by thermal processing).

During the shock loading, in the process of extending the com-
pressing shock wave, the material is subjected to three-axial tensile
compression, during which the metal is sharply deformed, and stretched
into the direction of the spreading wave. The production of this
type of metal-metal compesite requires loading with a flat single
axis wave, thus preventing fully the rupture and deformation of the

fibring and matrix materials. /66.
Results

1. The reinforcement of aluminum with stainless stecl wire
in order to increase the specific strength of aluminum and its al-
loys, aud increasing the strength of the material under high and
low tempcratures, as well as increasing its cyclical strength.

2. Production of a composite aluminum-stainless steel wire
material with a strength, close to the calculated strength, i-
possible through any of the considered methods (rolling, hot pres-

sing, casting, and so forth).

Selection of the technological process to produce the material
is determined by the true details and conditions of application.

Submitted February 13, 1968



s maag A .
(ll'.l’..'. - e '\.' }
o

OF POOR QUALITY

6, K&/ un? Figure 1. Relationship between the fatigue
or ) P 1imit and strength limit of aluminum allovs
rd
.
8, <05 7
2t /oy 287
-
' . °
0t = <ol T =

F 0 4 50
[/ 9 20 3 0 6 xwwd
2
6"‘”; Figure 2. Calculated diagrams of alu-
350 -6-7:'_ 1/2 minum-stainless steel wire composite
M erit material strength.,:
00t Pyl
"/,53}: t 1 Yais / 1 - op = 350 kg/mm2
N o T
o 2 2 - o, =250
Wr 0123 485857489
% 3 -0, =150
50} £
J 4 - o, = 100
100 r 5- 0= 50 kg/mm
”- ’41
28t
’ ] ] 7 T

10.



PRERERN

H

Figure 4

Relationship between fissure length and
number of cycles during fatigue testing

for aluminum alloy DTD687A (1) and alumin-

um alloy DTD687A(2), reinforced with one
layer of stainless steel webbing FV520B,
the cable of which is8 aligned 45 degrees
to axis of tension.
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Figure 3. Production process for
composite material via rolling in
hermetically se.:led container.

1. aluminum container jacket

2. welded seam

3. aluminum sleeve

4 alvminum sheet with wound wire
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[,
20 \
! \
\
L \
" \
r s
.‘0---....‘

Figure 5

Relationship between aluminum-stainless
steel wire composite material strength
and fiber orientation witn respect to
direction of load applied

Vf = 35%

d, = 50 microns (5)
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Figure 6. Relationship between relative increase
in durability (B) and theoretical plastic flow per

cycle (Ae ) for samples reinforced with continuous
fibers.

Diameters: 1 - 50 microns
2 - 127 microns

Figure 7. Relationship between relative increase
in durability (B) and theoretical plastic flow per

cycle (Ae ) for samples, reinforced with discrete
fibers.

Lengths: 1 - 6.35mm
2 - 12.7mm
3 - 25.4mm
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SP”Q"Mf Figure 8. Relationship between aluminum

00} stainless steel wire composite material
° strength and test temperature.
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Figure 9. Microsectional structure of sample
L. of aluminum-stainless steel wire composite
material produced by casting.
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Table 1. Mechanical Features of L73 alloy and Composite Material L73 (Matrix) with

FV 520B (Wire netting). 4.)
ol Gp,

Material T.°C Nsal..llut’ xg / 2xd 6%

L73 Room 40.0 43.5 10

200 26.3 303 12

250 10.0 12.0 20

Qgg 5.0 70" 23

<oom 51.0 56.0 8

L73 200 346 40.7 8
+8% 259 21.2 ?)g . :g

wire 300 11. 20. .

14,



Table 2.

/

ORIGINAL PAGE IS
OF POOR QUALITY

Mechanical Features of Alloys DTD687 and BS L73, Reinforced with Steel
Webbing STAl, FV 520B and "Elgiloy" Alloy.

ers of netting
and wire.

3 Number .
Material o 3 pf cycles i
.S ® h ” to 2
2 | 42| < |rupture | &
1 |DTD687 45.3 1 52.2 l12.5 120 000 7360
2 IhTD687 + 1 lay-|47-0|51.6 15| 312000 |7410
r FV520B net ’
3iLike 2, but net|39.6 | 467 2.6 | 289000 | 7410
luminum sheatht
d.
¢ 2, but wires|49:8|56:6|8.0| 54400 | 7360
in net inclined
.5 degr. to axi¢.
bf stress. . 31s. 214000 | 7500
5 DD 687 + 2 layt @S| #3502
brs "Elgiloy"
6like 5, but wirg3!.5[43.5[7.3 296000 | 7150
L5 degrees to
7 | $y3eSS 8X18.  140.3146.0 {10.0 | 455000 | 7000
8|L73 + 1 layer |38.3[43.8|7.0| 2000000 | 7560
FV520B sheathe]
with Al, 45 deg
incl. to axis.
9 [L73 + 1 layer )
STA1 wire. 36.3145.5 (7.7} 1120000 7500
10 {Like 9, 5 layeg3d7.2 {43.3 | 7.5 1460000 | 7500
STAl with L73
sheathing
" As 9, but 4 lay- )
ors STAL. 43.4/48.0 (8.5 [ 1700000 |7700
12 |As 11, 12 lay-{37.2 {47.3 7.0 500000 7700
ers netting
13 L73 with 8 layr3.92 41.8 2.0 7340000 | 7770

Notes

Durability data - average

of large number of experimental
data.

Wires ruptured during production

Ny -

As with No. 2

Wires ruptured in production as
in 2.

o, of STAl steel wire dropped
from 250-255 to 125 mm/kg2.
(result of thermal processing)

No wire rupture.
As 11. Y

Ibib.

R
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